Abbreviations
=============

APC

:   adenomatosis polyposis coli

BrdU

:   bromodeoxyuridine

CTb

:   cholera toxin b-subunit

CN

:   control rats

Dcx

:   doublecortin

GFAP

:   glial fibrillary acidic protein

HE

:   heat-exposed rats

LHA

:   long-term heat acclimation

NeuN

:   neuronal N

POA/AH

:   preoptic area of anterior hypothalamus

T~a~

:   ambient temperature.

Introduction {#s0001}
============

Animals can adapt to changes in environments to alleviate external harmful stimuli caused by the novel atmosphere. For temperature acclimation, repeated exposure to thermal stress has been known to provide heat acclimation to improve heat tolerance.^[@cit0001]^ Such thermoregulatory advantage of heat-acclimated subjects is attributable to both peripheral efficient thermoeffector responses to a given level of central thermoregulatory drive and to changes in a gain of controller in the thermoregulatory centers.^[@cit0003]^ For the peripheral mechanism, there are numerous studies which show functional and morphological changes of thermoeffectors.^[@cit0004]^ For instance, heat acclimation enhanced vascular compliance in rats^[@cit0004]^ and increased the density of arteriovenous anastomoses in acral parts of the body,^[@cit0008]^ which result in a good capability for keeping nonevaporative heat loss at a high level in the heat. For the central mechanism of heat acclimation, several studies have been performed in the anterior hypothalamus from different aspects, regarding gene expression profiles,^[@cit0009]^ changes in the ratio of thermosensitive to insensitive neurons^[@cit0011]^ and morphological changes in synaptic structures, e.g. number, thickness, curvature and complexity.^[@cit0012]^ Their results clearly show thermal stimulation-induced neuronal plasticity in the thermoregulatory centers and suggest a possible contribution of neuronal modifications to the achievement of heat acclimation. However, the central mechanism of heat acclimation has not been fully investigated.

The heat acclimation process has been known to present 2 different appearances, namely short-term and long-term heat acclimation, depending on the length of the term of heat exposure.^[@cit0013]^ Briefly, thermoregulatory changes of short-term heat acclimation can be established within a few days of heat exposure and are lost rapidly after the end of the thermal stimuli,^[@cit0015]^ while those of long-term heat acclimation are stable and sustained.^[@cit0013]^ Thus, especially in long-term heat acclimation, persisting functional and/or morphological changes may be expected in the thermoregulatory centers.

For decades, it has been shown that neuronal progenitor cells in the subventricular zone of the lateral ventricle and the subgranular zone of the hippocampal dentate gyrus proliferate, migrate and differentiate into neurons even in adult animals.^[@cit0016]^ The newly-generated neurons then have a significant role in acquisition and maintenance of brain function.^[@cit0018]^ In addition to these brain regions, recent reports have demonstrated neurogenesis in the hypothalamic area where thermoregulatory centers exist.^[@cit0020]^ In adult rat brain, neuronal progenitor cells exist in the ependymal layer of the third ventricle. In response to various stimuli, the progenitor cells proliferate, and the newborn cells migrate into the hypothalamic parenchyma to differentiate into neurons or glial cells.^[@cit0021]^ The new neurons could be functionally integrated into neuronal networks by forming synapses and producing neuropeptides.^[@cit0022]^ The preoptic area of anterior hypothalamus (POA/AH) is known to be the dominant thermoregulatory center and the other hypothalamic regions are also involved in maintaining afferent and efferent neuronal pathways contributing to the monitoring of core and skin temperatures and to controlling peripheral thermoeffectors.^[@cit0023]^ Thus, neurogenesis and associated reconstructions of neuronal networks in the hypothalamic area might have a crucial role in modulating thermoregulatory function following thermal adaptation.

On the basis of these reports, we hypothesized that repeated heat exposure may newly generate hypothalamic neurons which would then be integrated in neuronal networks, contributing to establishing characteristic functional changes in thermoregulatory system of heat-acclimated animals. In this mini-review, we introduce a new possible central mechanism for long-term heat acclimation, i.e. heat exposure-induced newborn neurons in the hypothalamic area may play a physiological role in improving heat tolerance in adult rats.

Heat exposure schedule and general procedure {#s0001-0001}
--------------------------------------------

The pattern of changes in thermoregulatory function due to heat acclimation depends on the manner of heat exposure.^[@cit0024]^ Thus, in this review, the pattern of heat exposure and general method of our previous studies are briefly described. Rats (male Wistar, 5 weeks of age) were simply subjected to a constant ambient temperature (T~a~) of 32.0 ± 0.2°C (HE) for 6∼53 days, while control rats (CN) were continuously kept at 24.0 ± 0.1°C. Bromodeoxyuridine (BrdU), a most widely used marker, was injected into the rats\' abdominal cavity daily for 5 consecutive days after starting heat exposure to identify newly born cells in the brain. On the 6th (HE6), 13th (HE13), 23rd (HE23), 33rd (HE33), 43rd (HE43) and 53rd (HE53) day of the heat exposure period, the brain slices were used for immunohistochemical analyses.

Heat exposure-induced proliferation of neuronal progenitor cells in the hypothalamus {#s0001-0002}
------------------------------------------------------------------------------------

In the hypothalamic area, BrdU of the brain samples was immunohistochemically stained and BrdU positive (BrdU+) cells were counted. In both CN and HE, BrdU+ cells were detectable in the hypothalamic area on all days examined. However, the total number of BrdU+ cells in HE was significantly greater than that of CN by about 2 fold.^[@cit0026]^ The results strongly suggest that moderate heat exposure promotes proliferation of the neuronal progenitor cells within 5 d after starting heat exposure. Representative photo samples of BrdU+ cells in the hypothalamic area of HE are shown in [**Figure 1**](#f0001){ref-type="fig"} (the photo samples are prepared using our previous data already published in a paper^[@cit0026]^). In HE6, a large number of the BrdU+ cells are detected in the ependymal layer of the third ventricle, while in the other HE subgroups (HE13-HE53), BrdU+ cells were broadly expressed in the parenchyma of the hypothalamus.^[@cit0026]^ The observations indicate that heat exposure-induced newborn cells in the ependymal layer of the third ventricle migrated into the hypothalamic parenchyma after 6 d of heat exposure. The process is obviously consistent with that described by Xu et al.^[@cit0022]^ In addition, the enhanced proliferation of progenitor cells by heat exposure seems to be persistent for at least 25 days, since the number of BrdU+ cells in HE was clearly increased when BrdU was injected into rats for 5 consecutive days between 11--15 d and 21--25 d after the onset of heat exposure.^[@cit0026]^ However, the proliferation of progenitor cells may not be induced after around 31 d of heat exposure, because the number of BrdU+ cells was not affected when BrdU was injected between 31--35 d after the onset of heat exposure. Figure 1.Progenitor cell proliferation and migration in the hypothalamus Representative BrdU-labeled (red) sections of the hypothalamus inspected by laser-scanning confocal microscopy. HE6, HE13 and HE53 show samples on the 6th, 13th and 53rd day of heat exposure, respectively. 3V, third ventricle; scale bar, 50 µm. The photo samples are prepared using our previous data already published in a paper.^[@cit0026]^

Heat exposure elevates core body temperature. A high temperature physically facilitates biological reactions due to temperature coefficient (*Q*~10~) effect and then might accelerate cell proliferation. As described, some brain regions show a vigorous proliferative potency. The subventricular zone of the lateral ventricle gives neuronal precursors that migrate to the olfactory bulb through the rostral migratory stream, and the subgranular zone supplies the granular layer of the hippocampal dentate gyrus with new neurons.^[@cit0016]^ However, heat exposure had a minimum influence on cell proliferations in both the subventricular zone of the lateral ventricle and subgranular zone.^[@cit0026]^ Thus, a simple rise in tissue temperature may not contribute to proliferation of neuronal progenitor cells. The influence of heat exposure on vigorous proliferation of progenitor cells appears to be limited in the hypothalamic area.

When apoptotic cells in HE6, HE13 and HE23, and corresponding CNs were counted, the numbers of apoptotic cells of HE did not differ from those of CN.^[@cit0026]^ Since newborn cells were largely increased in HE, the observation suggest that newborn cells hardly die for at least 23 d after commencing heat exposure.

Differentiation of newborn cells in the hypothalamus of heat-exposed rats {#s0001-0003}
-------------------------------------------------------------------------

To determine whether heat exposure affects the proportion of newborn cells developing a cell type and a neuronal phenotype, brain sections were double-stained with BrdU and various cell markers, i.e., mature neuron (neuronal N, NeuN), immature neruron (doublecortin, Dcx), oligodendrocyte (adenomatosis polyposis coli, APC) and astrocyte (glial fibrillary acidic protein, GFAP) markers.

In HE6, HE13, HE23 and HE33, the percentages of the number of BrdU and NeuN double positive (BrdU+/NeuN+) cells, i.e. newly-bone mature neurons, to the number of BrdU+ cells in the hypothalamus were below 4%. Interestingly, the percentage increased abruptly to 26--34% in HE43 and HE53.^[@cit0026]^ The observations certify that the proliferated cells in the hypothalamus due to heat stimuli differentiate into mature neurons when the term of heat exposure is more than 33 d (refer to [**Fig. 2**](#f0002){ref-type="fig"}). As described, the process of heat acclimation shows 2 different features, i.e., short-term and long-term heat acclimation, depending on term of heat exposure.^[@cit0014]^ In rats, conversion from short-term to long-term heat acclimation may occur, at a rough estimate, after 4 weeks of continuous exposure to moderate heat.^[@cit0028]^ The critical period for establishing long-term heat acclimation appears to be comparable with the period when neurogenesis in the hypothalamic area is energetically promoted (more than 33 days). In adult brain, the time needed for differentiation of proliferated cells from neuronal progenitor cells into nature neurons has been estimated as 2--8 weeks.^[@cit0019]^ The specific period for neurogenesis in the hypothalamus in heat-acclimated rats is obviously within the range. Figure 2.Newborn neurons in the hypothalamic area Representative BrdU (red) and NeuN (green) double-labeled sections of the hypothalamus inspected by laser-scanning confocal microscopy. HE43 and CN43 show samples on the 43rd day of heat exposure and of control, respectively. Yellow dots (shown as arrows) indicate BrdU and NeuN double-positive cells and therefore newborn neurons. 3V, third ventricle; scale bar, 100 µm. The photo samples are prepared using our previous data already published in a paper.^[@cit0026]^

One might think that heat exposure-induced newborn cells could be automatically differentiated into neurons without any temperature stimuli. When rats were exposed to heat for only 6 d to facilitate hypothalamic progenitor cell proliferation and then kept at a control temperature (24°C), the number of BrdU+/NeuN+ cells was significantly reduced on 53 day after starting heat exposure. Thus, constant heat exposure may be required for promoting differentiation of newborn cells into mature neuron in the rat hypothalamus.

In HE53, a large number of BrdU+ cells (nearly 30%) in the hypothalamus were expressing Dcx, while a small number of hypothalamic newborn cells were stained with APC (4%) and BrdU+ cells rarely expressed GFAP, suggesting that a majority of hypothalamic newborn cells induced by heat exposure takes on a neuronal fate ([**Fig. 3**](#f0003){ref-type="fig"}). In addition, immunohistochemical analysis showed that approximately 15% of newborn cells in the hypothalamus of HE43 were stained by glutamic acid decarboxylase 67, a GABAergic neuron marker, or glutamate transporter, a glutamatergic neuron marker (personal communication). Although further detailed studies are warranted, the type of newborn neurons seems to be not inconsistent with neurons controlling thermoregulatory function in the hypothalamic area.^[@cit0031]^ Figure 3.A model with summary for differentiation of heat exposure-induced newborn cells in the hypothalamus Values are percentages of respective differentiated cell number to total newborn cell number (values are obtained from our previous data already published in a paper^[@cit0026]^). Dcx+/BrdU+, double-labeled with immature neuron marker (doublecortin, Dcx) and BrdU; NeuN+/BrdU+, double-labeled with mature neuron marker (neuronal N, NeuN) and BrdU; GFAP+/BrdU+, double-labeled with astrocyte marker (glial fibrillary acidic protein, GFAP) and BrdU; APC+/BrdU+, double-labeled with oligodendrocyte marker (adenomatosis polyposis coli, APC) and BrdU.

Physiological significance of hypothalamic neurogenesis in long-term heat acclimation {#s0001-0004}
-------------------------------------------------------------------------------------

Recent studies have suggested that newborn neurons generated from the adult hypothalamic progenitor cells can be integrated into neural networks by forming synapses and functionally be working in,^[@cit0032]^ e.g., a feeding control system.^[@cit0030]^ When a part of BrdU+ cells in the hypothalamus were double-labeled with markers of synaptic vesicle membrane proteins,^[@cit0034]^ a part of BrdU+ cells were surrounded by the markers.^[@cit0026]^ Thus, heat exposure-generated newborn cells are able to establish synaptic connections with existing neurons of the hypothalamus.

There are numbers of studies showing the anatomical localization of thermo-sensitive and/or thermo-regulative neurons in the hypothalamus.^[@cit0023]^ The POA/AH is well known to be the most important region in the neuronal circuit for thermoregulation.^[@cit0023]^ Other areas, such as the ventromedial, dorsomedial or paraventricular nuclei and the posterior and lateral hypothalamic areas, are also known to participate in thermoregulation.^[@cit0040]^ According to the estimation in HE53, 23.2% of BrdU+/NeuN+ cells were located in the POA/AH, while 11.3%, 16.9%, and 4.7%, were detected in the the ventromedial, dorsomedial and paraventricular nuclei, respectively. Additionally, 17.3% of BrdU+/NeuN+ cells were found in the posterior hypothalamic area, and the double-positive cells were hardly seen in the lateral hypothalamic area.^[@cit0026]^ Therefore, in rats with long-term heat acclimation, the primary region where neurogenesis occurred was the POA/AH. This observation is again suggestive of an involvement of newborn neurons in heat acclimation-induced changes in thermoregulatory function.

As described, heat acclimation improves heat tolerance by altering various physiological functions. For instance, when heat-acclimated animals are exposed to acute heat stress, the magnitude of rises in their core temperature is smaller than that of non-acclimated animals. In our study where cytosine arabinoside, a mitosis inhibitor, was continuously infused intracerebroventricularly into rats during heat exposure, progenitor cell proliferation (and hence neurogenesis) due to heat stress was clearly abolished. In such rats, heat tolerance, estimated by a rise in core temperature in the heat, was not improved.^[@cit0043]^ The fact indicates a good possibility that hypothalamic neurogenesis is essential for achieving heat tolerance in heat-acclimated animals.

Taken together, it is supposed that enhancement of neuronal progenitor cell proliferation followed by neuronal differentiation and incorporation of newborn neurons in the neural network especially in the POA/AH are physiological crucial factors for establishing long-term heat acclimation in rats. Further detailed studies are needed to verify the hypothesis.

Aging and heat-exposure induced neurogenesis {#s0001-0005}
--------------------------------------------

The influence of aging on decremental neurogenesis has been shown in several brain regions.^[@cit0044]^ In human studies, the ability to control body temperature in response to acute heating has been known to diminish with advancing age, e.g. due to aging-dependent decreases in sweating capacity.^[@cit0047]^ Thus, we investigated how aging affect establishment of long-term heat acclimation in rats. Male rats, aged 5 weeks (Young), 10--11 months (Adult), or 22--25 months (Old) old, were subjected to heat for 40--50 d In consistent with the previous study, the number of BrdU+/NeuN+ cells in the hypothalamus was increased due to heat exposure, and the number was the highest in the POA/AH among the hypothalamic regions examined in Young.^[@cit0027]^ However, this was not the case in Adult and Old. After the heat exposure schedule, the ability of heat tolerance was estimated. During acute heat load, the amounts of increases in core temperature of Young, Adult and Old were significantly smaller than those of their respective controls, indicating that aged rats are still capable of acclimating to heat. However, the magnitude of rises in core temperature became greater with advancing age. It therefore seems that in rats, aging interferes with heat exposure-induced hypothalamic neurogenesis and then hinders the improvement of heat tolerance associated with long-term heat acclimation.

Summary and conclusions {#s0001-0006}
-----------------------

In rats, constant exposure to moderate heat facilitates proliferation of neuronal progenitor cells existing in the ependymal layer of the third ventricle. The proliferation initiates within the first 5 d of heat exposure period and may persist for the following 20 d However, the events may end around 30 day after commencing heat exposure. The newborn cells seem to migrate into the hypothalamic parenchyma and dominantly differentiate into immature and mature neurons mainly in the POA/AH, the main part of thermoregulatory centers. Interestingly, differentiation into mature neurons is drastically augmented after 33 d of heat exposure, the days comparable with the term needed for attaining long-term heat acclimation in rats. After 43--53 day heat exposure, some newborn neurons appeared to establish synaptic connections with pre-existing neurons in the hypothalamic area and to be integrated in a neural network in the hypothalamus. Disturbance of heat-exposure induced neurogenesis, due to intracerebroventricular infusion of a chemical agent or physiological aging, interferes with improvement of heat tolerance, which is characteristically observed in animals with long-term heat acclimation. Changes of thermoregulatory function in long-term heat-acclimated rats may be at least in part attributable to generations of neurons in the hypothalamus.
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